We present a study of the specific heat and effective thermal conductivity in anisotropic and randomly oriented multi-wall carbon nanotube (MWCNT) and randomly oriented single-wall carbon nanotube (SWCNT) composites from 300 to 400 K. Measurements on randomly oriented MWCNTs and SWCNTs were made by depositing a thin film of CNTs within a calorimetric cell. Anisotropic measurements were made on MWCNTs grown inside the highly ordered, densely packed nanochannels of anodic aluminum oxide. The specific heat of randomly oriented MWCNTs and SWCNTs showed similar behavior to the specific heat of bulk graphite powder. However, the specific heat of aligned MWCNTs is smaller and has weaker temperature dependence than that of the bulk above room temperature. The effective thermal conductivity of randomly oriented MWCNTs and SWCNTs is similar to that of powder graphite, exhibiting a maximum value near 364 K indicating the onset of phonon-phonon scattering. The effective thermal conductivity of the anisotropic MWCNTs increased smoothly with increasing temperature and is indicative of the one-dimensional nature of the heat flow.
Introduction
Since their discovery in 1991 by Sumio [1] , carbon nanotubes (CNTs) have been the focus of intense research and have many potential application in electronic, optical, thermal management and energy conversion devices because of their unique properties.
The electrical and mechanical properties of CNTs have been extensively investigated [2, 3] , while the thermal properties of CNTs are of interest in basic science as nanotubes are model systems for lowdimensional materials. However, for large scale technical applications, the manipulation of single nanotubes becomes impractical. Several groups have measured the thermal properties of millimeter sized thin CNT films and packed carbon fibers [4] [5] [6] [7] [8] [9] [10] . Current efforts to exploit the attractive properties of carbon nanotubes have focused on macroscopic composites containing engineered or self-assembled arrays of CNTs. One route has been to order the CNTs through the interaction of an anisotropic liquid crystalline host [11] while another route has been to grow the CNT within the ordered porous structures of a host matrix [12] .
Numerous studies, mostly theoretical, have been recently conducted to understand the thermal properties of CNTs and assess their potential for applications [13] [14] [15] [16] [17] [18] . These theoretical investigations have indicated that single-wall CNTs (SWCNT) have the highest thermal conductivity along the long axis of the nanotube, predicted to be as high as 6600 W m −1 K −1 at room temperature [19] ; three times that of diamond. The experimentally measured thermal conductivity of an individual multi-wall CNT (MWCNT) is reasonably consistent and was found to be 3000 W m −1 K −1 [20] . However, the thermal conductivity of a random film sample of SWCNT was reported to be only 35 W m −1 K −1 [7] . For SWCNT bundles, the reported value of thermal conductivity was 150 W m −1 K −1 by Shi et al [21] . The thermal conductivity of aligned MWCNTs samples was reported to range between 12 and 17 W m −1 K −1 [10] and even as low as 3 W m −1 K −1 [22] . Other results found it a somewhat higher near 27 W m −1 K −1 [4, 23, 24] . An attempt to understand this wide variation of the measured thermal conductivity (and to a lesser extent the specific heat) of MWCNTs evoked the existence of thermal boundary resistance as a possible mechanism for the dramatically lower thermal conductivity of MWCNT bundles and films compared to that of a single MWCNT [25] . However, the situation remains unresolved.
In this paper, we report measurements of the specific heat and effective thermal conductivity by an AC-calorimetric technique on composites containing random and aligned dense packing of carbon nanotubes. For the random film of CNTs, the heat flow is predominately perpendicular to the long nanotube axis while in the composites of aligned CNTs in dense packed nanochannels of anodic aluminum oxide (AAO) the heat flow is primarily along the long axis. The bulk powder graphite was also studied as a reference having a similar packing of nano-particles within an identical sample + cell arrangement. The temperature scans ranged from 300 to 400 K for aligned MWCNTs in AAO, and randomly oriented films of MWCNTs, SWCNTs, and graphite powder. In general, the temperature dependence of the specific heat of randomly oriented films of MWCNTs and SWCNTs is similar with that of bulk graphite powder. In contrast, the specific heat of aligned MWCNTs in AAO has a weaker temperature dependence than bulk behavior above room temperature. The effective thermal conductivity of randomly oriented MWCNTs and SWCNTs is similar to that of powder graphite, exhibiting a maximum value near 364 K indicating the onset of boundaryphonon scattering. The effective thermal conductivity of the anisotropic MWCNTs increases smoothly with increasing temperature and is indicative of the one-dimensional nature of the heat flow.
Following this introduction, the experimental details including material synthesis, composite sample fabrication, and calorimetric details are shown in section 2. The resulting data are presented and discussed in section 3. Conclusions are drawn and future work outlined in section 4.
Experimental details

Synthesis of carbon nanotubes and samples
Multi-wall carbon nanotubes were synthesized by a chemical vapor deposition (CVD) technique in an AAO template as shown in figure 1. The AAO template was obtained by a two-step anodization process; details of which have been previously published [26, 27, 12] . Briefly, the first-step anodization of aluminum (99.999% pure, Electronic Space Products International) was carried out in a 0.3 M oxalic acid solution under 40 V at 10
• C for 16-20 h. The porous alumina layer formed during this first anodization step was completely dissolved by chromic acid at 70
• C. The sample was then subjected to a second anodization step under the same conditions as the first. The thickness of the porous anodic film was adjusted by varying the time of the second anodization step. The resulted AAO templates can be further treated by acid etching to widen the nanopores. For the samples used in this work, the pore diameter was controlled to within 45-80 nm by varying the anodizing voltage and etching time. Cobalt particles, used as catalysts for the carbon nanotube growth, were electrochemically deposited at the bottom of the pores using AC electrolysis (14 V at 100 Hz) for 30 s in an electrolyte consisting of CoSO 4 · 7H 2 O (240 g l −1 ), HBO 3 (40 g l −1 ), and ascorbic acid (1 g l −1 ). The ordered array of nanotubes were grown by first reducing the catalyst by heating the cobalt-loaded templates in a tube furnace at 550
• C for 4 h under a CO flow (60 cm 3 min −1 ). The CO flow was then replaced by a mixture of 10% acetylene in nitrogen at the same flow rate. In a typical synthesis, the acetylene flow was maintained for 1 h at 600
• C. The as-prepared MWCNTs embedded in the AAO template were used as the aligned MWCNT sample. The MWCNTs can be released from the template by removing the aluminum oxide in a 0.1 M NaOH solution at 60-80
• C for 3 h. The released MWCNTs were used to make randomly oriented MWCNT film sample. From a 3 cm 2 MWCNT + AAO sample, 1.82 mg of MWCNTs were released corresponding to an embedded mass of MWCNT of 0.61 mg cm −2 . From the dimensional information of the MWCNT and assuming an AAO pore density of about 10 10 cm −2 , a theoretical value of the MWCNT mass per area of MWCNT + AAO is 0.86 mg cm −2 , reasonably close to the measured value. The mass of the MWCNTs embedded inside the AAO template sample was thus estimated by using the measured mass of released CNTs per unit area of composite.
Single-wall carbon nanotubes (SWCNT) were obtained from Helix Material Solutions, Inc.
[28] and used without further processing. The reference graphite powder was obtained from AGS and has the following composition; 95.2% carbon, 4.7% ash, and 0.1% moisture and other volatiles. The graphite powder was used after degassing at 100
• C under vacuum for 2 h. Morphology of the MWCNTs, SWCNTs and graphite particles were examined by a JEOL JSM-7000F scanning electron microscope (SEM) and a Philips CM12 transmission electron microscope (TEM) before the calorimetric measurements. Aspects of the sample morphology, particularly the diameters of the CNTs, were analyzed using the Image J processing software. The dimensions were measured 10 times from multiple TEM images for all samples and the average and standard deviations were reported.
For the calorimetric measurements, contact resistance plays an important role. All samples and the components of the sample + cell, were measured under identical experimental conditions (e.g. thickness, area, mass, and external thermal link), and were similarly configured in a sandwiched pattern between two silver or silver and aluminum oxide (for aligned MWCNTs) samples. Although the similarity of construction should result in similar contact resistance, due to local variation of surface roughness, sample-to-sample variations, and uncertainties in particle geometries, the contact resistance should be considered averaged over the ∼cm inplane length-scale of the composite sample and thus lead to large uncertainties in the absolute magnitude of the derived thermal conductivity. However, the relative precision of the temperature dependence of the thermal conductivity should be comparable.
Sample + cell configurations
Details of the experimental sample + cell configuration have been reported elsewhere [12] and also shown in figure 2 . Briefly, the aligned MWCNT + AAO sample were in excellent thermal contact on one end by their anchoring to the Al base of the AAO and contact on the other end was made to a thin silver sheet by a thin layer of GE varnish (General Electric #7031 varnish). The typical thickness of MWCNT + AAO sample was about 20 μm. This aligned sample was arranged as a silver sheet/GE varnish/MWCNT + AAO/Al sandwich. One side of the 'stack' has attached a 120 strain-gauge heater and the other a 1 M carbon-flake thermistor. For the randomly oriented thin film samples, the powder-form MWCNTs, separately obtained SWCNTs, and graphite powders were drop cast on a thin silver sheet then sandwiched by another identical silver sheet on top by a thin layer of GE varnish forming a nearly identical 'stack' (in dimension and total mass) as the aligned sample. All components of all sample + cells were carefully massed in order to perform background subtractions.
AC-calorimetric technique
An AC (modulated) heating technique is used for the measurements presented in this paper. A sinusoidal heat input P 0 e −ωt with P 0 ≈ 0.5 mW was supplied to one side and the resulting modulated temperature oscillation T ac was measured at opposite side of the sample + cell. The experimental technique details can also found elsewhere [12] . The amplitude T ac can be expressed as:
where ω is the applied heating frequency, C = C s + C c is the total heat capacity (C s is the heat capacity of sample and C c is the heat capacity of cell). Here, C c = C H + C GE + C AAO + C Ag + C Al for the aligned MWCNT + AAO sample and C c = C H + C GE + C Ag for randomly oriented MWCNT, SWCNT, and bulk powder graphite samples. By subtracting the cell contribution, the heat capacity of the carbon nanotubes may be isolated as
where m is the mass of the nanotubes or graphite powder. The contribution of the carbon-flake thermistor is negligible, having a very weak temperature dependence, and so, is ignored. There are two important thermal relaxation time constants in equation (1) , τ e = R e C and τ 2 ii = τ 2 s + τ 2 c , the external and internal respectively, where τ s refers to sample relaxation and τ c refers to cell relaxation time constants. Here, R s is the sample internal thermal resistance and R e is the external thermal resistance linking the sample + cell to the bath. The reduced phase shift (φ) between the input heat and resulting temperature oscillation as a function of heating frequency scan can directly measure τ e and τ i using:
where τ i = τ s + τ c and typically τ c τ s , hence τ i τ ii . Equation (2) can be rewritten to give τ s ≡ R s C s ∼ = 1/(ω 2 τ e ) − (tan φ)/ω. The effective thermal conductance, the inverse of the effective thermal resistance, of the sample can then be evaluated from the experimental parameters as:
where K s is given in watts per kelvin. With the known geometric dimensions of the sample, the effective thermal conductivity κ s can be estimated as
, with L the thickness and A the area of the sample.
In order to extract the effective thermal conductivity, certain geometric estimates were needed. The outer and inner diameter of MWCNT was taken as 54 and 22 nm, respectively. See section 3.1 for details. By assuming the density of nanotubes to be 1.3 g cm −3 and the interlayer separation of graphene sheets as 0.34 nm [29] , the estimated mass is found to be ∼30% higher than that determined by sample area and gives a conservative estimate of absolute uncertainty. To extract the thermal conductivity, the whole area of the AAO pores is assumed to be filled by MWCNTs to determine the effective thermal conductivity. By subtracting the inside hollow area of each nanotubes, the estimated value of thermal conductivity for anisotropic MWCNT could be two orders of magnitude larger. Thus, the absolute value of the conductivity is not well known but its temperature dependence should be well defined.
Results and discussion
Morphology study
Scanning electron microscope images were taken of the samples studied and are shown in figure 3 . For the aligned MWCNT embedded in the AAO channels, the cross-section SEM in figure 3(a) shows that each channel contains a wellconfined MWCNT suggesting a very high filing fraction (essentially 1), with all the channels and MWCNTs parallel to each other throughout the thickness of the MWCNT + AAO composite. As confirmed by previous studies [27, 26] , the outer diameter of the MWCNTs were determined by the 60 nm pore size of the AAO template. The analyzed tunneling electron micrographs, an example shown in figure 2(c) , indicate that the inner diameter of the synthesized MWCNT was 22 ± 8 nm and the outer diameter 54 ± 5 nm. As shown in figure 3(b) , the liberated MWCNTs thin films are randomly oriented, laying flat with one on top of the another. In figure 3(c) , the randomly oriented SWCNT thin films appear to be highly entangled. Here, SWCNTs are approximately 1.3 nm in diameter, 0.5-40 μm long, and 90% pure [28] . The reference sample of graphite powder shown in figure 3(d) have a large particle size of ∼1 μm and a wide particle size distribution.
Specific heat of CNT composites
The anisotropic measurement of specific heat (c . These values obtained from our experimental arrangements are 2.1% higher and 5.5% lower, respectively, from literature values [30] and indicate in absolute value uncertainty of about 5% (conservatively) and an uncertainty in slope of about 7%.
For the aligned MWCNT composite sample c oriented SWCNT thin film sample, c
at 300 K and increases linearly up to 362 K similar to bulk graphite, but then exhibits a much stronger temperature dependence up to 385 K, reaching c
. There are few experimental or theoretical investigations of the specific heat or thermal conductivity reported in the literature at these high temperatures. One of the few, Yi et al [4] , reported the specific heat of a single aligned MWCNT at 300 K to be ≈0.5 J g −1 K −1 while similar temperature dependence up to 400 K have been observed [31] . Several studies at lower temperatures have shown that nanowires and nanotubes can have very different phonon dispersion than in the bulk due to phonon confinement, waveguiding effects, and increased elastic modulus, that effectively determine phonon velocity [32] [33] [34] [35] .
It is expected that the magnitude of the specific heat of graphite and carbon nanotube samples would be the same at high temperatures, as seen from low temperatures up to 200 K [36] . This is generally true for our results, to within 7% for the reference graphite powder and the random films of SWCNT and MWCNT samples. Variations among these samples of the magnitude of c p is likely due to the composite nature of the sample arrangement. However, the temperature dependence of the aligned MWCNT in the AAO channels is much weaker than can be explained by experimental uncertainties. Figure 5 shows the effective thermal conductivity of bulk graphite powder, randomly oriented thin films of SWCNTs and MWCNTs (labeled with an R extension), as well as aligned arrays of MWCNT in AAO (labeled with an A extension) from 300 to 400 K. The bulk graphite and MWCNT(R) samples are nearly identical up to about 360 K after which, near 365 K, a broad peak is observed (slightly sharper for the graphite). The SWCNT(R) sample has a higher magnitude and weaker temperature dependence as bulk graphite and MWCNT(R) but reaches the same magnitude at a broad peak or plateau near 365 K. These results are similar to a broad peak-like behavior in the thermal conductivity simulated by Osman [37] with the heat flow perpendicular to the nanotube long axis. These results are also consistent with measurements for bulk powder cobalt and random thin films of cobalt nanowires [12] . It is likely that the thermal conductivity of these structures over this temperature range is dominated by phonon-boundary scattering. Basically, the randomly oriented thin films of CNTs behave similar to the graphite powder due to the large number particle boundary contacts/junctions. The broad peak near 365 K can be understood as due to the phonon-phonon bunching at these boundaries, which can cause a dramatic reduction of the thermal conductivity. For SWCNT(R) thin films, the effective thermal conductivity is 0.8 W m −1 K −1 at 300 K and increases linearly up to 360 K, then its decreases slowly with further increasing temperature. This is consistent with that observed by Hone's group [5] [6] [7] [8] on a similar sample arrangement finding κ = 0.7 W m −1 K −1 at 300 K. The uncertainty of the absolute magnitude depends strongly on the density of CNTs per unit area of film and the results presented here likely underestimate the true value. However, the larger magnitude of κ for the SWCNT(R) sample would be expected from the smaller diameter of the SWCNTs compared to the studied MWCNTs or the size of the graphite powder particles.
Thermal conductivity of CNTs
The observed temperature dependence of the effective thermal conductivity of aligned MWCNT inside the AAO nanochannel, MWCNT(A) is quite different than the random thin film samples as seen in figure 5 .
The derived MWCNT(A) κ is about 23 times that of bulk graphite powder or MWCNT(R) thin films and 8 times that of SWCNT(R) thin film at 300 K. Unlike the random thin film samples, κ of MWCNT(A) increases smoothly from 300 to 400 K without any indications of a plateau or broad peak. Similar observations of a smoothly increasing thermal conductivity have been reported for CNTs aligned by a magnetic field [38] and supports the one-dimensional nature of the heat flow in our sample. From purely geometric considerations, the estimated value of thermal conductivity for a single MWCNT along the long axis at 300 K is approximately 700 W m −1 K −1 . While the uncertainty of the absolute magnitude of these measured effective κ are large, perhaps as large as an order of magnitude, it cannot explain the difference with that expected for a 'scaledup' geometric estimate of κ along the long axis. Similarly for random thin film samples, an estimate assuming the whole sample area is filled completely by sample (a filling fraction of 1) yields a value at least two orders of magnitude or larger than that derived here. Thus, the composite nature of these macroscopic samples must be intrinsically different than simply scaling up the behavior of a single nanotube to these dimensions.
To better compare the temperature dependence of the effective thermal conductivity, normalized values (to that observed for each sample at 300 K, i.e. κ/κ 300 K ) of the bulk graphite powder, the random thin films of SWCNT(R) and MWCNT(R), as well as aligned MWCNT(A) in AAO a shown in figure 6 . This construction illustrates the fractional change of the observed κ and indicate that the random thin film samples are all dominated by its granular nature while the aligned MWCNT sample, though higher in magnitude, has a much small fractional change up to 400 K.
The effective thermal conductivity is greatly affected by the interface contact resistance between surfaces and sample as well as among the sample particles (nanotubes or graphite powder) [39, 40] . The results presented in this work reveal that the heat transfer in aligned nanotubes is dominated by the nanotube-nanotube interfacial resistance, nanotube length, diameter, and spacing. Paradoxically, the nanotube thermal resistance decreases with increasing nanotube length [39, 41] . For aligned MWCNT + AAO, the heat flow is essentially onedimensional across each single nanotube, but their coupling to the AAO matrix and the cell surfaces leads to increased thermal resistance. However, in the case of a randomly oriented thin film sample, the nanotube-nanotube resistance decreases due to the proliferation of contacts among nanotubes improving the heat exchange. In all samples, the interfacial resistance also depends upon the geometry of the contacting surfaces through surface roughness [42] . Because anharmonic phonons can be created, destroyed or scattered from each other leading to a finite mean-free-path and so, limiting the thermal conductivity [43] .
The heat transfer across interfaces can be represented by a single parameter known as the thermal interfacial resistance R [39] and is given by
where A is the area of the interface contact, T is the steadystate temperature jump between two surfaces of contact, Q is the rate of heat flow across the interface, t is the thickness of sample, and κ is the thermal conductivity. Equation (4) applies to one-dimensional heat flow through the area A across the thickness t.
Since the heat flow in these measurements across the randomly oriented and aligned samples are same, the thermal contact resistance between nanotubes or powders (in randomly oriented sample), nanotubes-matrix (in aligned sample), as well as between contact areas plays an important role and induces temperature gradients. Recently reported calculations describe the effect of thermal contact resistance on a random film sample of carbon nanotubes and obtained a very low thermal conductivity as compared that along the long axis of a single nanotube [44] . The energy transfer between carbon nanotubes in van der Waals contact is limited by a large contact resistance [39] arising from weak inter-particle bonding. The contact resistance for larger diameter CNT is smaller than the smaller diameter CNT due to larger contact area, whereas the number of contacts per unit volume will be larger for smaller nanotubes due to large aspect ratio.
Conclusions
In this work, experimental results of the specific heat and effective thermal conductivity of a macroscopic composite containing randomly oriented single-wall and multi-wall carbon nanotubes, graphite powder, and aligned multi-wall carbon nanotube embedded in a porous aluminum matrix are reported from 300 to 400 K. The specific heat are generally consistent among all carbon samples with the graphite powder and random thin film of MWCNT being most similar. The random thin film of SWCNT has a stronger while the aligned MWCNT in AAO has a weaker temperature dependence than the bulk behavior measured here. Though small, these differences are due to the intrinsic properties of SWCNT for the former and the macroscopic arrangement in the composite for the latter sample. The effective thermal conductivity reveals the most striking effect of composite construction. In all the random thin film samples of SWCNT, MWCNT, and graphite powder, a broad peak-like feature is seen in κ near 365 K, similar to that seen in a similar cobalt-based composites [12] . The absolute value of effective thermal conductivity measured here of the single-wall and multi-wall CNTs are expected to be different because of their differences in length, diameter, and overall purity. Given that all three random thin film sample + cell configuration of SWCNT(R), MWCNT(R), and graphite powder are nearly identical, the phonon-boundary scattering mechanism is the most likely and the difference in absolute value is likely due to uncertainties in mass approximation and sample purity.
These results on how the thermal properties of carbon nanotube composites vary with construction can be combined with the recent work of Hone's group [7, 8] on the thermal conductivity for an unaligned SWCNT sample in presence of a magnetic field finding ≈25 W m −1 K −1 at 300 K and increases with increasing temperature until saturating at ≈35 W m −1 K −1 near 400 K. Thus, detailed engineering of thermal properties is a strong possibility. Future work on more complex composite arrangements would further detail the possible variations and should hopefully inspire complimentary theoretical or computational work to better understand such systems.
